Abstract-To drive relay protection and/or support voltage recovery following fault clearance, there has been the desire of large short-term current capability for power converters. This has not been possible because the demanded current is significantly greater than the continuous rating. Without proper thermal management, the junction temperature will quickly exceed the limit, resulting in device failure. In this paper, a power module with extended safe operating area (SOA) is proposed and optimized to provide the short-term large current. The proposed power module takes advantage of the heat absorption ability of phase change material (PCM) during phase change process to constrain the junction temperature from rising too quickly. To avoid unacceptably reducing thermal conduction, the PCM is combined with a 3D printed metal framework. Thermal models are proposed to analyze the transient response and optimize the design. The effect of the PCM is verified through simulation and experiment. When the junction temperature of the device is controlled below the limit, the SOA can be extended beyond the normal. Based on the experimental results, further optimization of power module design is carried out in an inverter case study in which simulation results are used to show the practicability and possibility of employing the proposed concept.
INTRODUCTION
With the development of renewable generation, more and more power electronic converters are connected and utilized in power system [1] [2] . When the power system comes across a short circuit fault as shown in Fig.1 , the converters are expected to provide reasonably large fault current for up to 10 seconds for the activation and coordination of protection relays. Large reactive current is also needed for voltage recovery following fault clearance, particularly in systems with significant dynamic loads such as induction motors fed directon-line. Traditionally, power electronics converters will clamp the current upon a fault because the fault current will otherwise push the device beyond its SOA as the junction temperature quickly increases. In a power system with large penetration of power electronics converters, converters are expected to stay on-line and provide current for protection and voltage recovery. While sourcing the fault current, power losses of the power module will be many times of the normal value, contributing to over temperature failure. Traditionally, current and voltage margins are considered in converter design. Taking the fault condition into consideration, the margin is even larger, which stops the power module's rated ability from being fully utilized. Effective thermal management is thus urgently needed.
Recently, the use of PCMs has been proposed as a passive cooling technique [3] [4] [5] . PCMs are compounds that store and release thermal energy during the phase change process. The PCM absorbs large quantity of heat as it changes from solid to liquid, during which period, the temperature rising rate of the device can be slowed down and contributing to a lower operating temperature. The effects of melting temperature and the quantity of the PCMs on the thermal performance of hybrid heat sinks is studied in [6] , the melting temperature and the amount of the PCMs are shown to have significant influence. However, the response time is relatively long, which is in the order of tens of minutes. In order to achieve faster thermal response, the concept of PCM-metal foam is explored in [7] . The thermal response time is reduced to merely 30 to 50 seconds. Still it is not fast enough to deal with short circuit faults in the grid, where the time scale of interest is a few seconds. In order to react with surge power, direct placement of PCMs on or beneath the chip has been recently explored as a passive temperature management solution in [8] [9] . The dynamic performance is far better than those with PCMs used in heatsinks. However, the phase change time is short with a small quantity of PCM. Also, the thermal response time is strongly correlated to the thermal resistance from junction to the PCM and the thermal capacity is determined by the PCM. While PCM increases the thermal capacity of the system, it increases the thermal resistance from junction to case as well. Therefore, there should be a tradeoff between power module's thermal resistance and the needed phase change time. In order to take advantage of PCMs' latent heat while having a fast thermal response and keeping the thermal resistance low, this paper proposes a power module using PCM with enhanced thermal conductivity using a metal framework. The combination of the PCM and metal framework is used as a temperature damp of the whole power module during abnormal conditions. The metal framework provides excellent thermal conductivity to ensure that all the PCM melts in seconds, thus preventing the power devices from over temperature failure when sourcing the desired short circuit current. To verify this, a melting process model is developed and the equivalent thermal resistance of the designed power module is calculated.
The rest of this paper is organized as follows. Section II describes the structure of the PCM-metal framework structure as well as the corresponding thermal model. The temperature model considering the phase change effect is established, with temperature distribution given before, during and after the phase change process. The effect of PCM in constraining the junction temperature is verified through experiments in Section III. In Section IV, the thermal response under different PCMs, their quantities and their proportions in the combined structure are studied using the COMSOL FEM software. Section V discusses what can be further done and summaries this paper.
II. ENHANCED THERMAL RESPONSE OF PCM WITH METAL FRAMEWORK
To improve power modules' thermal response together with the ability to keep junction temperature virtually constant when providing short circuit current for protection, a new structure of power module is designed as shown in Fig.2 , from top to bottom being the bare dies, the PCM with metal framework, DBC, substrate and heatsink respectively. To start, the structure of the PCM with metal framework which enhances the thermal conductivity is considered and is shown internally in Fig.3 . Let the thermal conductivity of metal and PCM be O1 and O2 respectively, and the volumetric proportion of the PCM be H.
When the heat transfers vertically from chips on the top to the heat sink on the bottom, the thermal conductivity of the combined structure is written as [10] Omax=(1-H)O1+HO2 (1) This indicates that the PCM proportion and its thermal conductivity has great effect on the equivalent thermal conductivity. Shown in Fig.4 are the framework model and 3D-printed metal (copper) prototype. The interconnected structure of the metal framework brings about superior thermal conductivity, while the porosity will allow the PCM to flow in with increased contact area and hence the thermal exchange rate and response time can be enhanced. Fig.5 illustrates the typical temperature property of a PCM assuming idea heat transfer. During the melting process, most of the heat are absorbed to turn the material from the solid into liquid state rather than to raise the temperature, and the temperature will stay nearly constant rather than rising like when the PCMs are in solid or liquid state.
As shown in Fig.6 , Q represents the heat flow, TMP is the temperature measurement point and the whole cubic represents the combination of the metal framework and PCM.
Assume the system exchanges heat with the environment through the heat sink only. Energy added to the power module can be written as
where P is the heat loss (W) of the power module, h is the heat flux density, S is the heat dissipation area of the heat sink (i.e. the structure shown in Fig. 1 ), Text is the temperature of the environment, and T3 is the temperature of the heat sink. From the perspective of the heat aborted by the composite, energy added to the power module is be written as
where C1, m1, 'T1 are the specific heat capacity, weight and temperature rise of the PCM respectively; C2, m2, 'T2 are the specific heat capacity, weight and temperature rise of the metal framework respectively. Considering the phase change effect, C1 can be written as
where 'H=Lm1, 'T=3 o C, Cp is the specific heat capacity in the solid state. Considering the thermal resistance of PCM, temperature gradient between the metal framework and PCM may be written as 2 1 ,
Solving (2)- (5), the temperature distribution is derived and shown in Fig.7 .
When the converter provides SC current to the grid, the output current is set to jump to three times of the rated (prefault) value, the junction temperature rises quickly before the temperature reaches the melting point. During the phase change process, the junction temperature rise rate is greatly slowed down and the temperature stays almost constant for about 10 seconds, after all the PCM has melted into the liquid state, the junction temperature will rise quickly again. 
III. EXPERIMENTAL VERIFICATION OF PCM'S EFFECTS ON JUNCTION TEMPERATURE MANAGEMENT
To verify the efficacy of PCM in slowing down the rising rate of the junction temperature during fault current sourcing, simulation and experiment of a diode soldered on the metal framework filled with PCM (liquid metal LM108, parameters given later in Table 2 ) are conducted as shown in Fig.8 .
The test rig is shown in Fig.9 , injection of a DC current will raise the diode junction temperature. The current is initially set at 8 Amps. After the junction temperature settles in the steady state, the current is step increased to a higher value. Fig.10 shows the device junction temperature response measured by a thermocouple. When the current suddenly goes up, the junction temperature goes up swiftly. Without proper thermal management, the diode will fail due to thermal runaway quickly when subjected to large current. Thanks to the utilization of the PCM, when the temperature achieves the phase change temperature, the PCM will start melting and the junction temperature rise rate will reduce a lot. The larger the second stage current, the faster the thermal response and the shorter the phase change or temperature holding time. The effect of PCM in constraining the junction temperature rise is therefore demonstrated. The experimental results agree with the simulation results in both thermal response time and the time duration when the PCM melts. In order to further investigate the most suitable type, quantity and proportion of the PCM for the power module, more detailed simulations based on actual power loss calculation of an inverter are carried out in Section IV.
IV. OPTIMIZATION OF POWER MODULE INTEGRATED WITH PCM
Adding PCM by increasing the thickness of the combined PCM-metal framework structure increases the phase change time during fault, but adds up the thermal resistance and elevates the pre-event junction temperature as well. Whether a particular PCM in a metal framework is appropriate for a pulsed power application depends on the transient properties of the combined structure and the characteristics of the power pulse -its amplitude and duration. Therefore, to evaluate power module with PCM in a metal framework, power losses during normal and faulty conditions are first calculated in a converter. This is then followed by comparative evaluations of different types of PCM, the PCM quantity and the proportion of PCM. An optimized power module is pursued.
A. Loss Calculation
To address the voltage issue created by the high penetration level of DG in distribution networks, the B2B-synchronverter is suggested to be utilised to loop the two adjacent networks at the ends. The benefits include improved voltage profile, load supply in islanded condition and limited fault level increase can be achieved. A detailed research on controller design of B2B-synchronverter has been carried out. Its capability of regulating the voltage in the network in various scenarios, supplying load in islanded condition and limiting fault current have been tested in the simulation. Experiments are being carried out to verify the controller design.
An inverter based on a 1200V/50A power module, F4-50R12KS4 [11] from Infineon, is taken as an example. The rated peak current is set to be 30A. If a fault happens, the inverter needs to provide an inductive short circuit current three times of the rated value for about 10 s.
Assume the output current of the converter is sinusoidal and the modulation is SPWM bipolar, the power loss calculation can be derived from [12] .
Conduction loss of the IGBT can be calculated using 2 cond_IGBT 1 1 cos 3 2
Conduction loss of the diode can be calculated using
Switching loss of the IGBT can be calculated using
Switching loss of the diode can be calculated using SW_Diode 1 0.45 0.55
where M is the peak modulation ratio; fSW is switching frequency of the devices; IP is the peak value of the inverter's output current; VCEO is the conduction (turned-on) voltage drop of IGBT; rce is the conduction resistance of IGBT; VFO is the threshold voltage of diode; rd is the conduction resistance of diode; Eon, Eoff are the switch-on and switch-off energy losses of IGBT respectively, Erec is the turn-off loss of the diode under rated condition, Vref, Iref are the reference voltage and current of the IGBT power module, Vdc is the DC-link voltage (600 V). The power loss calculation results are shown in Table 1 . Assuming that all the heat is absorbed by the PCM when providing SC current, the mass quantity of the PCM needed to prevent the junction temperature from rising too fast can be calculated as
where L is the specific latent heat of the PCM; t1, t2 are the start and end time of the phase change process; P6 is the total power loss when the power module provides short circuit current. As demonstrated in Fig.7 , when providing SC current, the junction temperature and the PCM composite temperature still rises, even though more slowly. The estimated quantity of the PCM using (10) is thus a rough value for this application. As aforementioned, displacing copper using PCM increases the thermal resistance. The precise quantity of the PCM thus needs to be determined for a particular application. The following section will study the effects of the PCM type, its quantity and proportion in the combined structure.
B. PCM Type Selection
Using the above power loss data, the junction temperature during the normal and faulty work conditions can be calculated using
In the simulation, the power converter works in normal condition for 60 seconds to reach the steady-state junction temperature, then the output current jumps to three times of the rated value, the PCM quickly starts to melt. The appropriate melting temperature of the PCM needs to be a little higher than the maximum junction temperature during the normal condition, which ensures that the PCM does not melt during the normal condition, but quickly starts to melt when the output current jumps to three times of the rated value.
Take the structure from Fig.2 and Fig.3 as an example. A rough value of the PCM can be determined using (10) , assuming that the PCM takes 50% of the combined volume. The size of the combined structure can then be calculated. Table 2 . Wax has the largest latent heat per kilograms, but its mass density is far smaller than liquid metal (LM series), thus the latent heat per volume wax is smaller than liquid metal. Besides, the thermal conductivity of wax is only 3~4% of that of the liquid metals, which may be an obstacle to heat transfer. Therefore, this paper only considers liquid metal as the PCM.
Under the given power loss condition, the power module is air cooled with 25 o C ambient temperature. Even in the normal condition, the junction temperature will rise to 125 o C, which means the melting point of the PCM needs to be above that value to guarantee the phase change effect when the power converter provides short circuit current. Thus, liquid metal LM150 is finally chosen as the PCM in this design. During normal condition, the PCM always stays in the solid state, when the converter provides short circuit current, the PCM melts and absorbs a large quantity of heat, preventing the junction temperature from rising too fast.
C. Metal Framework Thickness Determination
To determine the precise quantity of the PCM, further study is performed on the effect of PCM quantity on thermal response time as well as junction temperature holding duration. The thickness of the PCM-metal framework structure is varied while the surface dimensions of the metal framework are kept at 19x19 milimeters. Simulations of different thicknesses are carried out, with the PCM proportion always being 50%. The converter works in normal condition for 60 seconds to achieve a steady-state temperature distribution; then the half-bridge converter leg as shown in Fig. 2 starts to provide short circuit current to the grid fault.
The junction temperature in different design scenarios is shown in Fig.11 . With increasing thickness of the PCM-metal framework structure, the phase change i.e. temperature holding time increases. Due to the growth of thermal capacity of the PCM, the thicker is the combined structure, the lower is the junction temperature at the end of short circuit fault (10 seconds after the fault occurrence at t=60 second).
When providing SC current, the device junction temperature will rise beyond the allowed maximum instantly in a power module without PCM. For those with PCM, the rising rate is slowed down and can thus work beyond the rated current for a short period of time. Although more PCM will help keep the device junction temperature constant for a longer time, the thermal resistance and the pre-fault junction temperature will increase as well. Therefore, tradeoffs between the phase change time, peak junction temperature and the melting start point need to be made. In MV and LV network relaying, the converter needs to react fast upon the fault and provides short circuit current for about 10 seconds, thus, a combined PCM-metal framework structure of 5 mm thickness could be adopted for the power module.
D. PCM Proportion Determination
It is easy to understand that the more PCM is included, the longer will be the temperature holding time and the higher will be the peak junction temperature after fault. This section will try to find a balance between phase change time and the maximum junction temperature at the moment when the short circuit fault is cleared. Fig.12 shows the simulation results with different PCM proportions. It is observed that when the PCM takes up 10% volume of the whole composite, the chip temperature hold time is only 1 second. When the proportion of PCM gradually increases to 50%, the phase change time increases to 12 seconds but peak junction temperature also grows a little due to the thermal conductivity not changing a lot during this process. When the PCM portion fills up to 81% or further, the equivalent thermal conductivity will drop quickly as demonstrated in Equation (1), so the junction temperature climbs up quickly with little growth in phase change time, which is unacceptable and may cause over temperature failure even during the phase change process. Thus, in order to balance phase change time and peak junction temperature, 50% PCM is finally determined as the optimal portion. 
E. Power Module Structure and Material Selection
In order to make full use of the nearly constant temperature property of the PCMs during the phase change process, as well as increase the thermal conductivity, the metal framework and phase change material composite is positioned directly below the chips rather than in the substrate or integrated with the heatsink. The detailed size and material selection are listed in Table 3 .
All the components size and material are the same as the conventional ones, except that a PCM-metal framework composite layer is added. 3D printed copper metal framework and customized liquid metal LM150 from Vrycul Technologies are finally chosen as the composite elements among many promising candidates.
V. CONCLUSION
This paper presents the design and optimization of a novel power module with extended SOA using PCM with the help of metal framework. In order to increase the thermal conductivity of the combination, metal framework is used. 3D printed metal framework and customized liquid metal LM150 are chosen as parts of the composite due to their superior thermal conductivity and high latent heat. Thermal model is established with the consideration of phase change effect. The effect of PCM is verified through a diode experiment.
Due to the trade-off between thermal conductivity and phase change time, simulations are conducted under variable thickness and PCM portion combinations. In order to obtain a fast thermal response and appropriate temperature holding time, a power module with thickness of 5mm composite, 50% of which is PCM is finally determined. 
